We have fabricated several germanium immersion gratings by single crystal, single point diamond flycutting on an ultraprecision lathe. Use of a dead sharp tool produces groove corners less than 0.1 micron in radius and consequently high diffraction efficiency. We measured first order efficiencies in immersion of over 80% at 10.6 micron wavelength. Wavefront error was low averaging 0.06 wave rms (at 633 nm) across the full aperture. The grating spectral response was free of ghosts down to our detection limit of 1 part in 10 4 . Scatter should be low based upon the surface roughness. Measurement of the spectral line profile of a CO 2 laser sets an upper bound on total integrated scatter of 0.5%.
INTRODUCTION
Spectral analysis is the source of nearly all the information we have on the composition of astronomical objects. There are important terrestrial applications as well. These include remote sensing of air pollutants as well as the monitoring of gases implicated in ozone depletion and climate change. Diffraction gratings are key components of most modern spectrometers.
It was realized over 50 years ago that there were benefits to fabricating diffraction gratings on optically transmissive materials and using them in immersion mode 1 . By this we mean that the incident electromagnetic waves approach the grating through a transmissive medium not through the air (see figure 1 ). The diffractive structure is therefore "immersed" in a material with a refractive index greater than one.
The spectral resolution of a diffraction grating is proportional to the grating length in wavelengths. In immersion the effective wavelength is λ o /n(λ o ) where λ o is the free space wavelength and n is the refractive index. So one of the effects of immersing an echelle grating is to magnify its spectral resolution by the factor n. Immersion also increases the grating dispersion by the factor n. These effects can be dramatic for infrared transmitting materials like germanium (n~4). Replacing the conventional reflective echelle grating in a spectrometer with an immersion grating can quadruple the spectral resolution of the instrument. Alternately, one can greatly reduce the size of a spectrometer, which normally degrades its resolution, and then restore the resolution to its original value by installing an immersion grating. This can have a profound effect on the design of airborne and spaceborne systems with critical size and weight limits. Terrestrial systems with large vacuum dewars and cryogenic systems can benefit from cost reductions due to the reduced size of the optical package. For first order gratings used in imaging spectrometers, immersion reduces the angles of incidence and diffraction at the grating surface, which reduces slit curvature and other aberrations at the focal plane.
Conventional reflection gratings are ruled with diamond tools in soft ductile metal films. Unfortunately most optically transmissive materials are brittle. Attempts to rule brittle materials result in chipped, fractured surfaces. Over the past 10 to 15 years advanced fabrication techniques have been applied with some success, most notably the use of anisotropic chemical etching to produce gratings in silicon 2, 3, 4, 5 . Physical fabrication techniques such as reactive ion etching 6 , ion milling 7 and diamond machining 8 have also achieved success and are applicable to a wider variety of materials.
At LLNL efforts have focussed on single crystal, single point diamond flycutting of germanium immersion gratings for long wave infrared (8 to 13 µm) applications. We recently demonstrated 80% diffraction efficiencies in first order at 10.6 µm wavelength, which was very close to theoretical predictions. Section 2 will review prior work at LLNL and elsewhere on germanium immersion gratings. In section 3 we will discuss the efficiency measurements on the early LLNL gratings. Section 4 will cover the efficiency measurements on later LLNL gratings. A discussion of the results followed by conclusions is in section 5.
REVIEW OF PRIOR WORK ON GERMANIUM GRATINGS
Silicon immersion gratings have attracted the most development effort due in part to the large technology base originating in the microelectronics industry. However for work outside of the transmission range of silicon other materials must be considered. In the long wave infrared atmospheric window (nominally from 8 to 13 µm) germanium is the material of choice. It has the highest refractive index of common materials and possesses good transmission from 2 to 14µm. Optical quality germanium is readily available in large sizes, up to 10 inch diameter from Umicore and up to 400 mm diameter from TDY Co. of Japan.
The first attempts at fabricating gratings in germanium were based on chemical etching techniques similar to those successfully employed in silicon. Unfortunately the etch anisotropy achieved in germanium was very low (only 2 or 3 vs. 100 for silicon) and no usable gratings resulted 9 .
Work at RIKEN (Japan) on nanoprecision grinding
Workers at RIKEN (The Institute of Physical and Chemical Research) in Japan have an ongoing program to produce a large, coarse echelle (120 x 120 mm entrance aperture, 68.75º blaze, 600 µm groove spacing) in germanium for the MidInfrared High Dispersion Spectrograph for the SUBARU Telescope. They originally tried oblique ion etching and ablation with an excimer laser to cut grooves. Neither technique gave good quality in the deep grooves required for the echelle 7 . Success was achieved in fabricating 1/4 scale prototype gratings (30 x 30 mm entrance aperture, 68.75º blaze) on a nanoprecision 3D profile grinding machine. Several passes with a #4000 diamond wheel for rough grinding were followed with a finishing pass with a #20000 diamond wheel. Special care was taken to periodically true and refinish the diamond wheels in order to maintain sharp grooves. The groove corner radius increased due to tool wear during the grinding process from 15 µm at the first groove to 28 µm on the last (472 nd ) groove. Their best grating had an rms surface roughness of 3.0 nm and a wavefront error of about 600 nm peak to valley and 100 nm rms 10 . No diffraction efficiencies were measured and there was evidence of periodic error and thermal drift in groove position. Still these are impressive results.
Work at LLNL on ultraprecision diamond flycutting
At LLNL development of a germanium immersion grating to support a long wave infrared spectrometer design was proposed in 1999. We believed that diamond machining offered the best hopes of successful fabrication. One year later inquiries went out to diamond machining shops requesting bids but with little positive response. At that point we turned to in-house capabilities and expertise which were excellent. LLNL has been on the leading edge of diamond machining research since the late 1970's and has several world class machines.
The optical design 11 for what became known as the DS/1 spectrometer (see figure 2 ) was finalized in 2002. It called for a grating with grooves cut on the hypotenuse of a right angle prism and relied on total internal reflection at the groove surface. This meant separate entrance and exit faces. The DS/1 gratings were designed to have a 21.4 µm line spacing, a 5.3º blaze angle and a ruled area of roughly 11 mm x 14 mm.
Details of the fabrication procedure were given in a previous paper 12 , but will be summarized here. We start with a blank of single crystal germanium, rough ground to shape so that none of the grating surfaces will be closely aligned with the (111) cleavage planes of the material. Next the blank is chemically etched to remove the outermost layers containing subsurface damage from the grinding process. The blank is then fixtured onto the X-translation stage of an ultraprecision lathe (the PERL-II) and is ready to be machined. The machine configuration is set up for flycutting as shown in figure 3 . The spindle holds a single crystal diamond tool whose tip is shaped to match the desired groove profile. As the spindle rotates the stage slowly translates so that a small bit of germanium is sliced off on each revolution. After completing a groove, the spindle retracts and the translation stage moves back to its starting position. The spindle moves forward into position to cut the next groove and the process is repeated.
We verified the machining process by first cutting a grating in a small block of OFHC copper. Optical testing showed that it was of good quality. The next attempt was with a germanium blank and was also successful.
Preliminary test results on the DS/1 germanium immersion grating were presented at the SPIE meeting on Astronomical Telescopes and Instrumentation in Kona Hawaii in 2002 12 . We measured the groove roughness with an atomic force microscope (1.1 nm rms over a 5 µm x 5 µm area) and the wavefront aberration with a Zygo interferometer (0.05 wave peak to valley and 0.010 wave rms at 633 nm over a 6 mm x 6 mm aperture). The diffraction pattern from a visible HeNe laser was clean with very little scatter. Since the entrance and exit facets had not yet been antireflection coated, we were unable to measure diffraction efficiency.
MEASUREMENTS ON DS/1 GRATINGS
Grating #1 was later recut when it was noticed that the grooves near one edge had not been cut to their full depth. Two more gratings were cut shortly thereafter and also measured for wavefront error. Grating # 2 was 0.28 wave p-v and 0.049 wave rms over the full 11mm x 14 mm aperture. Grating # 3 was 0.22 wave p-v, 0.033 wave rms over the full aperture and 0.046 wave p-v, 0.009 wave rms stopped down to 7 mm diameter aperture. These measurements were made with the germanium blanks still fastened to the fixture block in which they were cut. Grating #2 was retested 6 months later, now released from the fixture and with antireflection coatings on the entrance and exit faces. The rms wavefront error had increased by a factor of 5 due to the surface taking on a slight cylindrical shape. The cause remains a matter for further study. A third test 18 months after the second one showed no further changes.
Diffraction efficiency varies with wavelength. An efficiency measurement requires a monochrometer, a broadband source and a detector with a calibrated or flat spectral response. One can also test the grating as part of a complete spectrometer. However, one needs to know the spectral transmission of each optical element as well as the spectral response of the detector in order to isolate the performance of the grating. A third option, one that would still yield much useful information, is to measure diffraction efficiency at a single wavelength by use of a laser. We chose this option.
Rocky Mountain Instrument deposited a broadband (8 to 13 µm) antireflection coating on both the entrance and exit surfaces of all 3 gratings. We measured a normal incidence reflectivity of 1.7% at 10.6 µm.
The DS/1 gratings were tested with a low power, air-cooled CO2 laser (TS Team model 10WA). It was a waveguide laser with good TEM 00 modes and random polarization. A beam of about 3 watts intensity was directed onto the entrance face. Through the use of fluorescent cards we were able to locate the diffracted beams from 3 grating orders and measure them with a thermopile power meter. Only about 40-45% of incident power was diffracted into the desired 1 st order, with about 30-35% in the zero order and 1% in the 2 nd order. All three gratings gave very similar results.
An examination of the grating equation showed 16 allowed diffraction orders at 10.6 µm. However, a trace of the ray paths reveals that all but the 3 observed orders undergo total internal reflection as they try to exit the prism. The total power in these orders, which is calculated to be small, is either absorbed or leaks out in many different directions.
The distribution of energy among allowed diffraction orders is primarily a function of groove shape. Atomic force microscope (AFM) images showed that except in the corners the groove surfaces were smooth and planar. So the next thing to check was the blaze angle. This was done with a HeNe laser. We first identified the zero order reflection then measured the angles and relative intensities of the two brightest diffraction orders. By interpolating between the positions of the brightest orders weighted by their intensities 13 the blaze angle was determined to be 3.7º. This was only 70% of the specified value.
It makes physical sense that a smaller blaze angle will shift the peak of efficiency to shorter wavelength. There was some indication of this in the spectrometer performance. Rerunning the Gsolver code also showed that the zero order energy at 10.6 µm would increase as observed with the CO 2 laser. Optical inspection of diamond tool showed that blaze angle was in error because the tool tip was not cut at proper angle. The actual tool angle was consistent with measured blaze. We worked with tool vendor on inspection techniques so that the angles on subsequent tools were within 0.1º of specification.
DESIGN AND FABRICATION OF DS/2 GRATINGS
In 2004 a new compact spectrometer design 15 called DS/2 (see figure 4 ) was developed at LLNL requiring a somewhat different style immersion grating. This new grating has a more conventional configuration. Light enters the front surface of a slightly wedged prism, reflects off the back grating surface and exits through the front surface. Since the angle of incidence on the grating facets is below the critical angle the grooves need a high reflectivity coating (see Appendix 1). An aspheric shape is diamond machined into the front surface to correct for aberrations.
A preliminary optical design gave the following grating parameters: period of 16.7 µm, ruled area of 9.65 by 12.14 mm, and prism wedge angle of 2.12º. Diffraction efficiency was modeled with GSolver to determine the optimal blaze angle and to verify the groove shape. Results are shown in figure 5 . The optimum blaze angle for coverage from 8 to 13 µm is 4.15º. One surprise was the need to cut very sharp groove corners. A typical diamond tool has a tip radius of a few microns, and this radius is replicated in the groove corner. Modeling done for the DS/1 grating showed that a 3 µm radius was adequate to achieve maximum diffraction efficiency. For the DS/2 grating reducing the corner radius from 3 µm to 0.5 µm improved the diffraction efficiency by about 13%. Our goal was to achieve a radius of less than 0.5 µm. A final optimization of the optical design gave revised grating specifications of 18.63 µm period and a 3.73º blaze angle (see figure 6 ).
Two existing diamond tools were sent out for regrinding. They would be cut for the new blaze angle with the tip as sharp as possible (dead sharp). After receiving the reground tools we attempted to cut a grating in a germanium blank. The results were very disappointing as can be seen in figure 7 . The vertical groove faces were chipped off and appeared totally destroyed. We originally speculated that the back edge of the tool had dragged across the surface after making the cut causing the damage. The tools were sent back for rework. But after rework the results were the same.
There were two small causes for optimism. The horizontal faces, which are the active surfaces in the grating, are quite smooth. There is some hint of a sharp groove radius at the edge of the grating where the cutting begins. An SEM photo taken with an edge on view confirms this. Figure 8 shows a groove radius of < 0.1 µm. Although the vertical face is broken off less than a micron above the corner, the radius looked good. We needed to figure out a way to keep from fracturing the vertical faces. Meanwhile, two gratings (#1 and #2) were cut using an existing diamond tool (3 µm radius, 3.7º blaze) in order that spectrometer development could proceed.
After some experimentation it was found that slowing the feed rate from 0.5 inch/minute down to 0.1 inch/minute eliminated fracture of the vertical faces. This is the speed at which the grating blank is translated horizontally under the rotating tool bit and the speed at which the groove is cut. Figure 9 shows the high quality and sharp corners of germanium gratings fabricated by this procedure. Figure 10 shows the corner radius of < 0.1 µm.
TEST RESULTS WITH DS/2 GRATINGS
A total of four gratings (#3, #4, #5, and #6) were cut using the dead sharp diamond tools and the reduced feed rate. A photo of a finished grating is shown in figure 11 . The cutting time approached 85 hours but we believe that with some modifications in tool design it can be greatly reduced. Nevertheless the environmental stability of the machine room was excellent and there is no sign of diurnal variations across the gratings.
Interferometric tests of wavefront error
Several of the gratings were tested on a Zygo interferometer at 633 nm for wavefront error. Gratings #1 and #2 fabricated with the old style tool had full aperture rms errors of 0.120 and 0.079 waves respectively. When power is removed and the aperture stopped down to 7 mm x 7 mm the rms errors drop to 0.044 and 0.036 wave. Gratings #4, #5 and #6 fabricated with the dead sharp tool at a reduced feedrate had full aperture rms errors (power removed) of 0.052, 0.078 and 0.058 waves respectively. Stopping the aperture down to 7 mm by 7 mm further reduced the rms errors to 0.042, 0.051, and 0.052 waves. All these measurements are made on uncoated gratings. A oblique plot of the grating #4 topography is given in figure 12.
Blaze angle measurements
Measurements using a 633 nm HeNe laser of the relative diffraction efficiency for gratings #2 (3 µm radius) and #3 (0.1 µm radius) are shown in Figure 13 . The gratings were illuminated at near normal incidence using the laser and the intensity of the diffracted peaks recorded with an optical power meter. Grating #2 (blue triangles) was one of the first gratings ruled and had a non-flat groove profile which results in the distribution of significant energy across several orders. Grating #3 (red pluses) has nearly perfect triangular groove profiles and the tightening of the diffracted power distribution is easily seen. Also plotted is the sinc 2 energy distribution function expected for 632.8 nm light illuminating triangular grooves at near normal incidence to the facets. The best fitting location of the sinc 2 peak is for a blaze angle of 3.74 o , which is right on the design specification.
Diffraction efficiency measurements
The gratings must be coated before measuring diffraction efficiency. Before coating each grating was solvent cleaned along with a 1 inch diameter germanium wafer to be used as a witness tab. No stronger processes (i.e. RCA clean) were used as we did not want to increase surface roughness. Next they were loaded in the sputtering chamber, which had recently had its deposition rates calibrated. An adhesion layer of 5 nm of chromium was deposited followed by 150 nm of gold onto the grating surface. Finally they were sent to Rocky Mountain Instrument where a broadband antireflection coating as deposited on the entrance face.
The measurement is straightforward. Direct a CO2 laser onto the grating and take the ratio of the power in the desired diffracted order to the total incident power. Because the metallic coating on the grooved surface has some infrared absorption, it is important to perform the measurement with as little laser power as possible to avoid thermal effects. We used the same CO 2 waveguide laser as was used to test the DS/1 gratings. Its output can be reduced to about one watt, but it is not very stable under that condition. Instead we used a coated piece of zinc selenide as a beam splitter to reflect about 20% of the beam, while operating the laser at about 1.4 watts. The splitter was tilted at only 5º from the beam normal to avoid polarization effects. A power meter was placed in the transmitted beam to monitor and correct for drifts in laser power.
Gratings were mounted so that the beam from the splitter was incident at the proper angle. The first order diffracted beam was directed toward a second power meter. Both meters were calibrated to read the same values of power at the start of the experiment. The laser operated in a good TEM 00 mode. The grating was positioned about one Rayleigh range from the laser output, which gave a beam diameter (3w 0 ) of about 7 mm at the entrance face.
The first tests were with the witness tab. The reflectivity from the gold surface was measured to be just over 97%, which is within a percent of the generally accepted value. However when the witness tab was turned around and the gold coating used in immersion, only 85% reflection was observed. The theory of normal incidence Fresnel reflection, using optical constants for Cr and Au from Palik 16 , would suggest a value closer to 93%. Perhaps there was absorption and heating in the germanium. Also the germanium in the wafer is not the same material as that in the grating blanks.
Gratings # 1 and # 2 were tested first and measured only about 50% and 60 % respectively. Both of these were cut with the old rounded tool. In addition, the reflective coatings had been sputtered before the deposition process had been calibrated. It is believed that 20 nm of chromium had been deposited beneath the gold which is 4 times thicker than desired.
Two of the gratings (#3 and #4) cut with the dead sharp tool were tested. These performed well with efficiencies of 82% and 81% (average of 2 measurements). These values are consistent with later measurements of spectrometer throughput. They compare very favorably with the predictions of GSolver shown in figure 6 . The code predicts about 84% efficiency for unpolarized 10.6 µm radiation.
Measurements of spectral line profile for evidence of ghosts and scatter
Measurements of the spectral line profile obtained with the full up spectrometer are shown in Figure 14 . The central line profile is in excellent agreement with modeled expectations. There is no hint of ghosting in the wings. Using the rms value of the line wing count levels, an upper limit of 10 -4 can be set on ghosting.
The expected total integrated scattering level can be estimated from the standard approximation:
Where σ, n, θ i , and λ are the rms surface roughness, grating substrate index of refraction, incidence angle and wavelength respectively. For σ = 1.1 nm rms roughness, λ = 10.6 µm, n = 3.9, and near normal incidence the total integrated scattering is expected to be ~3 x 10 -5 . Assuming that this scattered light is spread out only over the limited angular range of our spectrometer's 258 spectral bins, the scattered light per spectral bin would be ~10 -7 of the line peak. Given the 16000 count range of our spectrometer's digitizer the maximum scattering signal we should observe is a ~0.002 count increase of the laser-on versus the laser-off measurement. This level of precision is not realistically acheivable for our laboratory set-up. The slightest shift in thermal state between the laser-on and laser-off measurements will result in systematic errors that can easily overwhelm the scattering level.
It is still useful to calculate upper limits to the scattering. As can be seen from Figure 14b , when the background measurement is subtracted from the laser-on data the resulting count levels are near zero over most of the detector. Integrating the line wing count level and dividing by the line peak yields an upper limit of 0.5% scattering.
DISCUSSION AND CONCLUSIONS
We have fabricated several small germanium immersion gratings of high optical quality and of high diffraction efficiency for first order operation in the 8 to 13 µm band. The combination of >80% peak efficiency, 0.06 λ rms full aperture wavefront error at 633 nm (equivalent to 0.015 λ rms in immersion at 10 µm), ghosting of less than 10 -4 and low scatter makes a very compelling case for applications in the long wave infrared.
One may ask if comparable performance can be achieved with alternative technologies, for example etched silicon. Because its refractive index is slightly lower a silicon grating of comparable performance would need to be 18% thicker with a higher blaze angle. The DS/2 gratings are fairly thin, about 0.095 inch at the center. This gives an optical path of about 0.5 cm in the solid material. From Palik's data 16 the absorption coefficient in silicon varies from 1 cm -1 to 2.3 cm -1 between 8.5 and 13 µm. This would result in 45 % to 70 % optical absorption loss in the grating.
The precision grinding techniques developed at RIKEN are optimized to produce large coarse echelles. The groove corner radii they have reported have been in the range of 15 to 30 µm. These values are larger than the period of the DS/2 grating and would have resulted in low efficiencies.
Some issues worthy of further study include the possible changes in grating surface figure after debonding from the machining fixture and also after coatings are applied. It would be useful to understand why our metallic coating had poorer immersed reflectivity (by nearly 10%) than calculated. One could test other metallic coatings to see if they perform better than Cr/Au. Other directions for future work are indicated by two other papers that we are presenting at this conference. One discusses the issues involved in fabricating a large immersion grating beyond the size capability of the PERL 17 . Other machines at LLNL, either existing or under construction appear to have the necessary precision and stability for grating work. The other paper reviews the prospects for diamond machining other high index materials whose transmission extends down to the visible region 18 . This could enable the fabrication of immersion gratings at shorter wavelengths than are possible with germanium.
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Refractive index = n >1 air . This is the optical layout of the DS/2 compact spectrometer. Light enters at the slit 101, is collimated onto the germanium immersion grating 103, dispersed and then focused onto the focal plane 104. The grating is machined on the back of a thin wedge. Figure 5 . This plot shows the diffraction efficiency (calculated with GSolver) as a function of wavelength vs. groove corner radius for DS/2 grating. To get the highest efficiency grating, the groove corner radius must be less than 0.5 µm. . By dropping the feed rate to 0.1 inch/minute we were able to cut very sharp clean grooves with a "zero radius tool". 
